Introduction
The decoherence of nuclear spin phase observable in a spin-echo MRI experiment, which may be described by the spin-echo T 2 , includes contributions from homogeneous stochastic processes (relaxation proper) and dynamic dephasing that is not refocused. The first term refers to dipolar and chemical shift
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anisotropy interactions, as well as paramagnetic relaxation enhancements, which are relaxation mechanisms. The second term arises through exchange of a spin between chemical environments or diffusion through magnetic field gradients and are non-refocussable dephasing mechanisms. This paper addresses the anisotropy of spin-echo T 2 in the human brain and its detection and quantitation. The T 2 MR relaxation parameter is a widely used MR contrast of particular impact in neuro-imaging. Its investigation and parameterisation in vivo is an important and evolving field widely applied in neurosciences [2, 9, 42] . It is sensitive to multiple aspects of tissue characteristics in vivo, including physicochemical environment and cellular microstructure. However, the mechanisms of T 2 relaxation in the brain remain poorly understood and as such there remain many challenges and opportunities insofar as applying T 2 quantitation to a broader range of problems concerned. The highly ordered nature of white matter (WM) with axons covered by the myelin sheath in the brain, as well as other ordered structures, imposes constraints on the hydrodynamics of water which are manifest in both its translational diffusion properties [5, 32] and relaxation [16, 29] properties (itself a function of translational and rotational hydrodynamics), neither of which are yet fully characterised [30] . However, the importance of the myelin sheath as well as other ordered structures in the brain in various diseases and physiological processes motivates their further study.
There has been significant recent interest in the anisotropy of T * 2 relaxation in the brain measured by gradient-echo (GRE), which depends on both homogeneous and inhomogeneous dephasing of transverse magnetisation. That T * 2 is anisotropic in the brain, that is to say, depends on the orientation of the subject relative to the applied magnetic field, has been reported in animal models [39, 45] , and in humans [6, 8] with the observation that T * 2 relaxation time is longest in WM fibers that lie parallel to B 0 . Subsequent work using formalin-fixed ex-vivo human [23, 37] and marmoset brains [40] have consistently made similar observations and interpreted the findings in terms of differential magnetic susceptibility between myelin sheath in WM and its surroundings.
A different model of assuming water to exchange between environments of differential susceptibility has also been invoked to explain GRE phase contrast [43] . The extension of T * 2 measurement to voxelwise determine of an elliptic susceptibility tensor based on GRE data has also been demonstrated [28] and applied in mouse models [26, 27] and in human volunteers [24, 25] . The dependence of relaxation anisotropy upon aspects of tissue microstructure that are difficult to assess by other means, combined with the ability to reveal them with standard MR hardware make it an attractive tool of considerable clinical potential.
In systems with highly restricted motion (anisotropic hydrodynamic environments), T 2 and T 1 relaxation are both anisotropic parameters in vivo (the T 2 moreso). This makes T 2 relaxation times (and coherence lifetimes), as well as T * 2 , longest when the oriented structure is inclined at the "magic angle" of 54.7°relative to the applied magnetic field. This is the case in tendons and enthesis [7, 11, 12, [14] [15] [16] 38] , where T 1 anisotropy has also been observed [10, 22] , which is longest perpendicular to the applied magnetic field. In tendons this is attributed to oriented collagen fibres imposing an anisotropic media, such that relaxation anisotropy is mediated through the dipole coupling tensor [1, 36, 41] (colloquially the socalled magic angle effect). Since human brain parenchyma is virtually devoid of collagen, alternative molecular (though not necessarily mechanistic) contributors to T 2 anisotropy must be sought.
Here we demonstrate the existence of (spin-echo) T 2 anisotropy in the human brain, involving both WM and gray matter (GM). We introduce a parameter for its description and show that there is a relationship between translational diffusion fractional anisotropy and spin-echo T 2 anisotropy. 
Materials and methods

Subjects and MRI data acquisition
MR images were acquired using a Siemens Magnetom Skyra 3 T instrument, using a single-channel body resonator transmit mode and a 20-channel head-and-neck receiver coil. Ethical approval was granted by Faculty of Science Research Ethics Committee of University of Bristol and healthy volunteers (3 males aged 22, 24 and 27) gave informed consent prior to participation to the study. In each case, images were acquired with the subject's head at 3 different orientations relative to the B 0 field. Obtaining subject tilts whilst minimising discomfort was accomplished similarly to a previous report [6] , with the inclusion of additional padding on the scanner bed to allow the subject to tilt their head "backwards" into the receiver or additional padding in the receiver to move their chin towards their chest in a "forwards" tilt. Angles of ±18°were accomplished.
The MRI scan protocol comprised, for each orientation, a 3-plane localiser (0:31 min), 3D T 1 -weighted MPRAGE (3:36 min, TI = 800 ms, TR = 2000 ms, excitation flip angle = 9°, resolution = 1.25×1.25×1.25 mm 3 , GRAPPA factor 2) acquired saggitally, a 2D multi-echo CPMG acquired axially (7:05 min, 10 echoes, TE = 12 ms, resolution = 0.94 × 0.94 mm 2 , slice thickness = 3.75 mm) and a multi-band DTI acquired axially (1:51 min, 60 directions, b = 1000 s/mm 2 , excitation flip angle = 70°, GRAPPA factor 2, multi-band factor 2, resolution = 1.88 × 1.88 mm 2 , slice thickness = 3.75 mm) [13] . The DTI was interpolated 2-fold in the axial plane to (superficially) match the CPMG resolution, with which it also shared identical slice positioning. Diffusion directions used "buckyball" sampling over a sphere in the coordinate system of the image.
The imaging orientation of the MPRAGE was not altered between scans, whereas the orientations of the CPMG and DTI were rotated with the subject, by using the MPRAGE as a guide. More accurate transformations between scans were subsequently obtained using the FLIRT routine in the FSL software package [17, 19] . Each scan protocol required 15 min accounting for slice positioning, with the entire MRI session taking 1 h allowing for re-orientation of the subject between the 3 runs. For one subject (male, age 22), a 2D multi-echo CPMG was acquired coronally, and without any repeats at different head tilts (10 min, 12 echoes, TE = 12 ms, resolution = 0.75 × 0.75 mm 2 , slice thickness = 1.72 mm).
Image analysis
A mono-exponential fit was performed on a voxel-wise basis to the CPMG data using the Matlab platform (version R2013b, Mathworks, Natick, MA, USA), excluding the first echo (further details for T 2 fitting can be found in the Discussion section). Diffusion tensors were fit to the diffusion-weighted data using the DTIFIT routine in FSL after eddy current correction [18] . After calculation of image registration matrices using FLIRT [17, 19] , the diffusion tensor Eigenvectors were represented in a common reference frame (chosen as the frame in which the subject was not obliged to tilt their head) by rotating each tensor but not the images. WM and GM were segmented using the FAST routine from FSL [47] with manual refinement as required. Additional ROIs were prepared manually for individual subcortical structures.
For each individual tilt angle, T 2 anisotropy was analysed by bin-ranging the angle between the principal direction of translational diffusion and the applied magnetic field (θ FB ) as well as the fractional anisotropy (FA), such that R 2 observations falling into these 2D bins could be pooled and averaged within each bin to create a surface. By such means, each data point appearing on a T 2 anisotropy surface is the average over a large number (typically 200 or more) observations.
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A 5-point smoothing kernel was also applied in the FA and the applied field (θ FB ) dimensions. Such analyses were performed separately for posterior and anterior WM and GM for each subject orientation (as there is evidence for "inherent variation" in T 2 between front and back of the brain [48] ), with the diffusion tensor eigenvectors in each case represented in the "non-tilted" reference frame.
Parameterising the T 2 "fractional anisotropy"
We introduce the following parameter to describe the T 2 "fractional anisotropy" over a region of interest:
where the expectations in angular brackets can be taken as means or medians, and the "HF", "LR" and "AP" superscripts denote regionally averaged T 2 values corresponding to voxels whose principal direction of translational diffusion is in the head-foot (HF), left-right (LR) and anterior-posterior (AP) direction in the scanner coordinate system, respectively. This definition is therefore regional, not voxelwise, and requires knowledge of diffusion direction. Its value is normalised between zero and unity, and is motivated by the fractional anisotropy definition used in DTI [4] . The expectation T 2 about the three orthogonal axes was chosen such that the principal diffusion direction must make a projection of 0.8 or higher onto the relevant axis. We do not make the a priori assumption of similar relaxation rates along the LR and AP axes, though a revised definition inclusive of such an assumption is of course possible.
Results
T 2 relaxation time depends on translational diffusion direction
Regional variation in T 2 (and R 2 = 1/T 2 ) is evident in the WM volumes in the coronal R 2 map presented (Fig. 1) . T 2 values are shorter in the corpus callosum ( Fig. 1(f) ), where WM fibers are approximately per pendicular to the applied field and longer in pyramidal tracts ( Fig. 1(c) ) where fibers are approximately parallel to the applied field.
We take these data to be indicative of orientation-dependency of T 2 in WM, i.e. relaxation anisotropy. However, anisotropy is more easily measured with the aid of a corresponding metric of angular information from DTI (exploiting translational motion of water), which can readily report the direction of oriented structures [5, 33] . We therefore conducted the majority of our quantitative imaging scans in the axial plane (for improved compatibility with echo-planar imaging readout without the need for image registration), as explained in Section 2.1.
Experiments were performed where alignment of the AP/HF line in relation to B 0 was altered by neck flexion/extension (rotation about the LR axis) (Fig. 2(a)-(c) ). Figure 2 shows a comparison of the T 2 -weighted images (panels (j)-(l)), the fitted R 2 maps (panels (d)-(i)) and the angle made by the longest axis of the diffusion tensor (panels (d)-(f)) with θ FB . It is seen that R 2 changes (as does T 2 ) upon rotation (panels (g)-(i)), and varies within the brain for each tilt angle as a function of θ FB . Although inter-subject and intra-subject differences in B 0 and B 1 inhomogeneities are inevitable, phase maps and T 2 uncertainties were rather similar across subjects and tilt angles with typical T 2 uncertainties were 5-8 ms.
The brain parenchyma consists of two principal tissue types, i.e. GM and WM, which have substantial inherent differences in microstructure, biochemical composition (cf. macromolecules), haemodynamics and metabolic activity and we analysed data according to the two principal tissue types. We observed significant variation in the fitted R 2 in both main tissue types. The results (Fig. 3) show significant variation in T 2 as a function of orientation relative to B 0 as well as FA both in posterior and anterior WM, with the variation decreasing with smaller FA. Dividing the volumes to "anterior and posterior" was done, because recent evidence points to microstructural differences in GM in high resolution structural T 1 images [3] . Figure 3 makes use of the multi-voxel averaging approach described in Section 2. Therefore, despite typical T 2 uncertainties of 5-8 ms, by using approximately 200 observations per plotted point on the surfaces we are able to be more confident in the overall effect of anisotropy.
In the WM pixels with highest FA T 2 showed a V-shape curve with a dip around 90°with respect to B 0 (Fig. 3(a) and (b) ), the depth of this V-shape dip became shallower as FA decreased. In posterior GM an inverted V-shape relationship with T 2 and θ FB was observed, where the longest T 2 occurred at around 90° (Fig. 3(c) ). In anterior GM no such relationship between T 2 and θ FB was seen (Fig. 3(d) ). Accordingly, regions in which translational diffusion is more anisotropic also impose a stronger orientational alignment on water, such that T 2 relaxation anisotropy can complement translational diffusion analysis. With knowledge of the T 2 in the three orthogonal directions relative to the magnet coordinate system, the "fractional anisotropy" of T 2 can be calculated according to Eq. (1). We performed this calculation separately for WM and GM, defining each T 2 "direction" with the criteria that a principal diffusion eigenvector must make a projection of >0.8 onto the relevant axis (AP, LR, HF). The results are shown in Figs 4 and 5. The longer T 2 in the HF direction for WM is clearly visible (Fig. 4) , substantiating the qualitative observation from Figs 1 and 2 that voxels whose principal direction of translational diffusion is HF indeed relax slower. From this, it is apparent that the level of anisotropy in T 2 is considerably greater in WM than GM. There is also some dependence on the subject angle relative to the applied field, considered further in the Discussion section. Figure 4 also shows that relaxation is slower (T 2 longer) in the HF direction (parallel to the θ FB ) than along the magic angle orientation, at 54.7°or 125.3°relative to the applied field. The interpretation of this finding, which is different from that made in tendon and other systems in which motion of observable spins is highly restricted with macroscopic alignment, is reserved for the Discussion section. We also observed a relationship between the T 2 FA and DTI FA. This is shown in Fig. 5 , in which the T 2 fractional anisotropy has been calculated for different DTI FA bin-ranges. In WM an increase of T 2 FA with DTI FA is seen, whereas in GM it is always rather low, although the generally low FA of GM should be taken into consideration here.
Discussion
We have observed spin-echo T 2 anisotropy in the both principal tissue types of human brain parenchyma. There are two main mechanisms by which the observable in our experiment, the decoherence rate of nuclear spin phase modelled with a first-order time constant, the spin-echo T 2 , may be anisotropic: (a) the T 2 "proper" may be anisotropic, or (b) the remaining contributions to coherence lifetime may be anisotropic. The first case is so when the probability distribution of molecular orientations of a medium at equilibrium is not constant, such that nuclear spin coupling tensors of rank > 0, which stochastically moderate the nuclear spin Hamiltonian and cause the system to relax, retain an angular dependence in their correlation functions. Alternatively, in the second case, anisotropic spin-echo T 2 can be explained though an anisotropy of dynamic dephasing and therefore of coherence lifetime (but not of pure spin-dynamical T 2 ). Such a mechanism involves the diffusion of nuclear spins though anisotropic magnetic field gradients created by different susceptibilities of different tissues and/or microstructures.
M.J. Knight et al. / Anisotropy of spin-echo T 2 relaxation in the human brain in vivo
Fig. 4. Overall T 2 "fractional anisotropy" in WM and GM across the entire range of (diffusion) FA values. In (a) and (b), masks are shown overlayed on T 2 -weighted images for voxels whose principal diffusion eigenvector makes a projection of >0.8 onto the AP (green), LR (red) and HF (blue) axes for WM and GM, respectively. Panels (c) and (d) show the corresponding T 2 histograms for these masks. The straight coloured lines indicate the medians for the distributions, used in the T 2 fractional anisotropy calculations. Panels (e) and (f) show the T 2 "fractional anisotropy" as given by Eq. (1) for the 3 subjects at all subject head tilts for WM and GM, respectively panel (g) shows the median T 2 over GM and WM for all subjects for voxels for which the principal diffusion direction is at the magic angle relative to the applied field, and at 0°(head-foot direction) relative to the applied field, in each case ±10°. Panel (h) shows example histograms for a single subject of the T 2 for voxels whose principal diffusion direction is at the magic angle relative to the applied field, and at 0°(head-foot direction) relative to the applied field. It is worth noting that we can anticipate rotational correlation times for water in WM of 0.05 ns based on the translational diffusion coefficients measured by DTI and the Stokes-Einstein equations. If relaxation in water were dominated by intramolecular dipolar interactions, this implies a T 2 of 10 s, such that there are almost certainly large dynamic dephasing effects in a spin-echo MRI experiment of the type performed here (and implemented on other clinical scanners). The observation that spin-echo T 2 is longest along the direction of the applied magnetic field, and not at the magic angle (as in tendon), has implications for its mechanism of anisotropy. In systems with highly restricted or anisotropic dynamics, orientation of the system's axis of macroscopic order at the magic angle relative to the applied field lengthens both coherence lifetimes and T 2 relaxation times by incoherent averaging of dipolar interactions though residual stochastic motions. This applies, and is frequently used, in tendon and structural biology for proteins embedded in a planar membrane (when an axis normal to the membrane plane is at the magic angle) [20] . This is similar to magic angle spinning in which mechanical rotation of a disordered system with restricted dynamics at the magic angle and at a frequency exceeding the dipolar couplings increases coherence lifetimes through the concomitant coherent average of dipolar (and other rank-2) interactions. However, our observations, being contrary to this, imply that a macroscopic order of water molecules may not be present in the human brain, or that the observed anisotropy is manifest through the second mechanism, that of diffusion through anisotropic magnetic field gradients. The relationship between the anisotropy of T 2 and anisotropy of translational diffusion in WM (Fig. 5) is suggestive of a common or coupled mechanism. However, that is by no means certain, and it may equally be that changes in T 2 anisotropy may occur without changes in diffusion anisotropy, adding relaxation anisotropy to the arsenal of imaging tools which may detect tissue alterations in pathologies even at the stage when T 2 or diffusion-weighted images reveal little or nothing to the naked eye.
Water protons exchanging slowly (or not at all) with myelin, which have been proposed with T 2 values in the 10-20 ms range [44] and myelin macromolecular protons with µs T 2 [46] are not (or barely) observed in our experiment, since our data collection began at 24 ms and echoes were spaced by 12 ms. Therefore the mechanism for the anisotropy we have observed must involve either fast exchange (on the NMR timescale) of water magnetisation between compartments of distinct relaxation characteristics, and/or diffusion through anisotropic magnetic field gradients.
The use of multiple refocussing pulses places our experiments outside the static dephasing regime, such that susceptibility-driven T * 2 anisotropy mechanisms may not alone be sufficient to explain our observations. The relatively long echo spacing and the previous failure to observe T 2 anisotropy by short-echo spectroscopic CPMG in fresh excised bovine WM [16] or by Hahn echo in formalin-fixed human WM [37] , leave open the possibility of non-refocussable diffusion and/or exchange effects in our data. Nevertheless if there exists subvoxel susceptibility anisotropy, there equally exist residual dipolar couplings due to partial alignment by the applied magnetic field, such that a dipolar model should be considered in this respect.
Quantification of spin-echo T 2 relaxation constants in vivo by MRI is known to be challenging due to contributions from spurious coherences. These arise chiefly from inevitable B 0 and B 1 inhomogeneities as well as from magnetisation transfer effects. In multi-slice mode imperfect slice profiles add further complications. To minimise all these effects for quantification of "absolute T 2 " in brain tissue, single slice pulse sequences have been devised incorporating either non-slice selective refocusing pulses with phase-alternating crusher gradients on alternate refocusing pulses [29] or adiabatic refocusing pulses [31] . Obviously, these data acquisition approaches would have been impractical for the current study. We acknowledge that the T 2 values determined here are unavoidably contaminated by the effects above, despite eliminating the first echo from exponential fits, a commonly adopted approach to reduce stimulated echo artefact on T 2 [34] . Stimulated echoes will introduce T 1 contributions to the measured T 2 . However, as T 1 relaxation anisotropy has been shown to be negligible in tendon [22] , in this scenario, we believe that, while stimulated echo effects on absolute T 2 in brain tissue are inevitable, they will have only a small influence on the reported T 2 relaxation anisotropy. Instead, B 0 and B 1 inhomogeneities deserve attention in this regard, in particular with respect to T 2 measured at different head tilts. The confidence interval maps and global T 2 histograms were similar at each head tilt within experimental error (not shown). This provides indirect evidence that altered head tilt did not exacerbate B 0 and/or B 1 inhomogeneities in the current data.
T 2 in posterior GM with relatively high FA (>0.15) shows anisotropy, which is not observed elsewhere in GM. As diffusion of water in GM is less anisotropic than WM, it is perhaps not surprising that T 2 anisotropy is small in this tissue type given the relationship between diffusion anisotropy and relaxation anisotropy presented in Fig. 5 . There is an ordered structure within the cortical layers of posterior GM, the stria of Gennari, which has been identified in high spatial resolution images at 3 T [3] . The stria of Gennari is essentially WM with fibers at 90°relative to those exiting the GM. It may be that the observed T 2 anisotropy is caused by this unique microstructure of posterior GM.
Conclusions
Demonstration of T 2 anisotropy in the brain, in particular in WM, has significant implications in interpretation of T 2 images, but at the same time it shows potential to assess tissue microstructure at subvoxel level in a more comprehensive way than currently available by MRI. T 2 anisotropy measurements, even at a single subject orientation, provide valuable metrics in such a way that visual inspection of either T 2 -weighted images or parametric maps does not make evident. T 2 MRI is commonly considered to be a proxy for the myelin water fraction [21, 44] . As diffusion MRI is a proxy of water diffusion along WM fibres (axons) with little or no contribution for myelin itself [35] , combining T 2 anisotropy and DTI would provide a powerful tool to assess both myelin and axon integrity in several common disorders, such as multiple sclerosis, vascular diseases and also dementia. It is highly possible that a change in relaxation anisotropy due to pathology will precede gross anatomical alteration detectable by conventional MRI, rendering early pathology measurable which are otherwise difficult to distinguish by MRI metrics such as signal intensities or volumetric analysis.
In conclusion, we have demonstrated spin-echo T 2 relaxation anisotropy in MR images of human brain in vivo and presented a means to analyse the anisotropy at a single subject orientation. Our findings may be used to provide novel objective metrics of the physiological state of the brain which may not be apparent from visual inspection of MR images. 
